The Semi-Empirical TB model developed in part I is applied to metal transport problems of current relevance in part II. A systematic study of the effect of quantum confinement, transport orientation and homogeneous strain on electronic transport properties of Cu is carried out. It is found that quantum confinement from bulk to nanowire boundary conditions leads to significant anisotropy in conductance of Cu along different transport orientations. Compressive homogeneous strain is found to reduce resistivity by increasing the density of conducting modes in Cu. The
Although models investigating conductance degradation in metallic thin films and nanowires exist in the literature, very few studies have proposed mitigative solutions.
Patents on Cu conductivity improvement using compressive strain have been awarded in recent times 6 . A thorough examination of the patent reveals that the physical mechanisms behind conductivity improvement have only been speculated upon. For instance, it is speculated that a reduction in the Density of States (DOS) available for electron scattering causes improvement in conductivity.
In part II of this paper, a systematic, fully quantum mechanical study of effect of confinement, transport orientation and homogeneous strain on Cu conductance for structures having cross sectional areas of up to 25 nm 2 is carried out using the new TB model developed in part I.
The analysis done in this work indicates that there exists a significant anisotropy in ballistic conductance of different Cu transport orientations as dimensionality changes from bulk to nanowire. Contrary to existing speculation 6 , it is found that homogeneous compressive strain increases the density of conducting modes per unit volume in bulk and nanowire Cu and is responsible for conductivity improvement in Cu. valence electrons per atom so that overall charge neutrality is maintained. This condition is summarized in the following equation
II. COMPUTATIONAL METHOD
where g(E) is the density of states per atom as a function of energy E, f is the Fermi-Dirac occupation function.
From the electronic band structure, the number of conducting modes around Fermi Level can also be easily computed. This is nothing but the ballistic conductance for periodic
where the sum is over all bands n , T (E) is the number of conducting modes at energy level E. The quantity
is the fundamental quantum of conductance. In bulk, the ballistic conductance is computed over all transverse modes and then averaged. Due to symmetry, doubling the cross sectional area of a 3D periodic bulk cross section simply doubles the number of conducting modes in it. Consequently, it is sufficient to compute ballistic resistance for the smallest cross section corresponding to a each transport orientation in bulk.
The conductance for larger cross sections in bulk can simply be obtained by multiplying the conductance of this smallest cross section by the ratio of the area of the respective cross section to the smallest cross section.
To study effect of homogeneous strain the lattice parameter is varied from ∓ 5% of the experimental lattice parameter a 0 . Strain is computed as =
where a is the strained lattice parameter. The ballistic conductance in bulk and nanowires is then computed for each strain using the same procedure outlined above.
In addition to ballistic conductance, the resistivity of the Cu structures is also approximated using a modified Landauer approach 4 . This is outlined in the appendix of part I of this paper and is reproduced in the main body of this part of the paper for convenience.
If a mean free path λ between scattering events exists, then the ballistic conductance G computed in equation 2 above can be modified using the following expression
Where L is the length of the conductor.
If a linear fit for the ballistic conductance versus cross sectional area (A) curve is estimated, then we have
where k is the slope of the linear fit and c is the y-axis intercept that can be neglected for large cross sectional areas. If the length of the conductor is much greater than the mean free path (40 nm in Cu 4 ) as in the case of infinitely periodic nanowires, we have L >> λ and we can write.
we get an approximate resistivity as follows,
Thus, the resistivity computed in this approach is inversely proportional to the slope of the conductance versus cross sectional area linear fit. It is also independent of the cross sectional area.
III. RESULTS AND DISCUSSION
Figure 3 is a comparison of the ballistic conductance versus cross sectional area for bulk and nanowires for the zero strain lattice parameter a 0 = 3.61Å. In bulk, the ballistic conductance is largely isotropic versus orientation. It is well known that the Fermi surface of bulk, Face-Centered Cubic (FCC) Cu is largely spherical 11 . Thus, the isotropy in conductance in different transport orientations can be expected. This is seen both in the DFT and TB results computed for bulk. The DFT results for bulk are included here as a means of validation in addition to results peresented in part I of this paper.
From figure 3 , it can also be seen that when Cu is quantum confined to form oriented nanowires, some important observations and inferences can be made. First, it can be seen that the ballistic conductance of nanowire cross sections is significantly smaller than their Once it has been established that the conductance versus area relationship can be well approximated by a linear fit, resistivity can be computed according to the formalism outlined in equations 3-6. Since the resistivity computed in this formalism is inversely proportional to slope of the conductance versus area curve, it can be inferred from the discussion above that simple quantum confinement increases resistivity by reducing the number of conducting A linear estimate of the resistivity versus strain relationship in figure 6 indicates that compressive strain of 5% decreases bulk Cu resistivity by 9 to 11% as compared to the unstrained case. In nanowires, the effect of strain on resistivity seems more pronounced in the [110] and [100] orientation, where 5% compressive strain decreases resistivity by 12%
and 11% respectively, while the [111] shows a decrease of 7% as compared to its unstrained value.
The physical mechanism responsible for the improvement of conductance and reduction in resistivity is quite evident from the conductance versus cross sectional area curves. Ballistic conductance is simply a measure of the number of conducting modes. Compressive strain increases the density of conducting modes per cross sectional area due to increased density nanowires under a variety of strain environments. Though overall band profile is similar on application of compressive and tensile strain, the cross sectional area changes significantly changing the density of conducting modes per unit cross sectional area.
IV. CONCLUSION
In conclusion, a fully quantum mechanical study of the effect of quantum confinement, transport orientation and homogeneous strain on the ballistic conductance in Cu has been carried out using the new TB model. This study serves as a demonstration of the capabilities of the new TB model described in part I. It is also an initial step in a systematic, step-by-step theoretical investigation of factors that affect conductance of Cu. Additional effects, such as surface relaxation, phonon scattering, surface roughness, grain boundaries, alloying, aspect ratio, geometry and liner-interface bonding can now be added within the same TB framework to gauge the relative magnitude of the effect these factors have on Cu conductance.
It is found that quantum confinement results in significant conductance anisotropy versus transport orientation. 
